Misuse of tools and objects by patients with left brain damage is generally recognized as a manifestation of apraxia, caused by parietal lobe damage. The use of tools and objects can, however, be subdivided in several components. The purpose of our study was to find out which of these are dependent on parietal lobe function. Thirty-eight patients with left brain damage and aphasia were examined using tests to assess the retrieval of functional knowledge from semantic memory (Functional Associations), mechanical problem solving (Novel Tools) and use of everyday tools and objects (Common Tools). Voxel-wise analysis of magnetic resonance images revealed two regions where lesions had a significant impact on the test results. One extended rostrally from the central region and ventrally through the middle frontal cortex to the dorsal margin of the inferior frontal gyrus. The other reached dorsally and caudally from the supramarginal gyrus, through the inferior, to superior parietal lobe. Whereas the frontal lesions had an adverse influence on all experimental tests as well as on the subtests of the Aachen Aphasia test, parietal lesions impaired Novel and Common Tools, but did not have an adverse effect on the Functional Associates. An association between Functional Associations and temporal lesions became apparent when patients with only a selective deficit in the test were considered, but did not show up in the whole group analysis. The parietal influence was as strong for the selection as for the use of either novel or common tools, although choice of appropriate manual configuration and movements was more important for use than for selection. We conclude that the contribution of the parietal lobe to tool use concerns general principles of tool use rather than knowledge about the prototypical use of common tools and objects, and the comprehension of mechanical interactions of the tool with other tools, recipients or material rather than the selection of grip formation and manual movements.
Introduction
A substantial proportion of patients with left brain damage and aphasia misuse common tools (De Renzi et al., 1968; Goldenberg and Hagmann, 1998) . They may try to cut paper with closed scissors, eat soup with a fork, press the knife into the loaf without moving it to and fro, press the hammer upon the nail without hitting, and close the paper punch on top of the sheet without patients is strictly bound to left brain damage and regularly accompanied by aphasia. Many of these patients have right-sided hemiplegia, but the severity of their errors goes far beyond the ineptness of the non-dominant left hand and there are patients who are able to use both hands and nonetheless commit errors. Misuse of tools and objects is therefore generally recognized as a manifestation of apraxia. It is usually classified as 'ideational' apraxia (see Goldenberg, 2008 for overview and discussion of classification of apraxia) and considered a symptom of parietal lobe damage (Morlaas, 1928; De Renzi and Lucchelli, 1988; Daprati and Sirigu, 2006; Lewis, 2006; Frey, 2007) .
Recent experimental studies have gone beyond the clinical diagnosis of apraxia. They have demonstrated that use of tools and objects is not a unitary function but can be subdivided in several components, and that not all of them depend on parietal lobe function. An important distinction has been made between stored knowledge specifying the use of common tools and objects and a capacity to infer possible uses of both familiar and novel tools from analysis of their structural properties (Heilman et al., 1997; Goldenberg and Hagmann, 1998; Hodges et al., 2000; Buxbaum, 2001; Spatt et al., 2002; Hartmann et al., 2005; Daprati and Sirigu, 2006; Osiurak et al., 2009b) .
Knowledge regarding functional properties of familiar tools is generally recognized as forming part of semantic memory, but there is controversy whether it is fully integrated into a single semantic network containing knowledge about all properties of that tool, or constitutes a distinct compartment of semantic memory (Hodges et al., 2000; Bozeat et al., 2002; Boronat et al., 2005; Canessa et al., 2008) . According to the latter view, knowledge regarding the purpose and the recipient's use of tools is part of general semantic memory, but knowledge about the manual configurations and actions associated with its use is stored separately in inferior parietal regions (Sirigu et al., 1995; Chao and Martin, 2000; Buxbaum, 2001; Kellenbach et al., 2003; Boronat et al., 2005; Lewis, 2006; Canessa et al., 2008) . A variant of this view suggests that manipulation knowledge is stored in the temporal lobe, but that inferior parietal activity is needed for integrating it, with visuomotor control of movement execution (Tranel et al., 2003; Frey, 2007) . While these proposals disagree on the subdivisions of function knowledge, they concur in assuming that it specifies the typical actions associated with a unique type of tool rather than general principles of physics and mechanics underlying the functions and manipulations of all tools. Consequently, it predominantly supports the prototypical use of common tools and objects but is of limited value for detecting possible applications of novel tools or alternative ways of using common tools.
However, skilful tool use is not restricted to performance of prototypical actions with common tools. It includes the capability to detect alternative ways for achieving the goals of tool actions when either the typical tool is absent or mechanical constraints hinder its prototypical manipulation. For example, most persons will easily find out that a coin can replace a screwdriver. They can also find out how to use unfamiliar tools and are even capable of inventing novel tools to cope with tasks for which no common tools are available (Ochipa et al., 1992; Goldenberg and Hagmann, 1998; Hodges et al., 2000; Bozeat et al., 2002; Spatt et al., 2002; Chaigneau et al., 2004; Hartmann et al., 2005; Osiurak et al., 2009b) .
A basic requisite for detecting non-prototypical uses of common tools or possible uses of novel tools is recognition of structural properties which determine the possibilities and limits of mechanical interaction with other objects (Vaina and Jaulent, 1991; Goldenberg and Hagmann, 1998) . For using a coin to replace a screwdriver, flatness and rigidity are decisive structural properties. Flatness permits insertion of the coin into the slot of the screw, and rigidity secures transmission of rotation from the hand via the coin to the screw. The term 'affordance' has been used for characterizing relationships between structural properties of objects and specific components of their use Grè zes and Decety, 2002; Chaigneau et al., 2004; Daprati and Sirigu, 2006; Negri et al., 2007) . This term was created by Gibson (1979; Norman, 1989 ) to designate the range of possible actions which objects or other elements of the surrounding offer to an animal. In tool use, however, the function determined by structural properties may concern interactions of the tool with other tools, recipients or material rather than with the animate actors themselves. Comprehension of such interactions has been conceptualized as 'mechanical reasoning' (Osiurak et al., 2009b) or 'mechanical problem solving' (Goldenberg and Hagmann, 1998) . It presupposes familiarity with general principles of physics and mechanics (Povinelli, 2000; Hegarty, 2004; Zago and Lacquanti, 2005) but not knowledge of properties and use of unique types of tools and objects.
Clinical neuropsychology has provided convincing evidence that brain damage can cause double dissociation between retrieval of functional knowledge from semantic memory and mechanical problem solving. Dissociations between preserved recognition of functional properties of familiar or novel objects and loss of knowledge about the conventional use of familiar objects have been documented in patients with bi-temporal pathology resulting from fronto-temporal dementia or Herpes Simplex Encephalitis (Sirigu et al., 1991; Hodges et al., 1999; Hodges et al., 2000; Bozeat et al., 2002) . The converse dissociation between preserved knowledge about the prototypical use of common objects and inability to detect the functional implications of structural properties has been documented in one patient with bi-parietal hypoperfusion and recovered Balint-syndrome resulting from a period of general anoxia (Sirigu et al., 1995) and in patients with cortico-basal degeneration which typically has a focus of degeneration in parietal regions (Hodges et al., 1999; Spatt et al., 2002) . A conclusion that inference of function from structure depends on parietal lobe integrity is tempting but not compelling, as in neither of these aetiologies additional damage to other cerebral regions can be excluded. Moreover, patients with dissociations in either direction had bilateral lesions, without exception.
Empirical support for the association between misuse of common tools and left parietal lesions is suggestive but not compelling. There are several observations of patients with left parietal lesions and apraxia for use of common tools and objects (Strohmayer, 1903; Morlaas, 1928; Poeck and Lehmkuhl, 1980; Rumiati et al., 2001) but in all of them, lesions transgressed the borders of the parietal lobes. There are also cases on record where bi-parietal lesions led to a particularly severe disturbance of use of everyday tools and objects (Motomura and Yamadori, 1994; Sirigu et al., 1995; Fukutate, 2008) , but group studies were unable to prove conspicuous disturbances of common tool and object use from restricted left parietal lesions. Halsband et al. (2000) observed no problems with use of common tools and objects in five patients with exclusively left-sided parietal lesions, and two larger studies exploring use of common tools and object in patients with left brain damage and aphasia, found no significant differences between the error rates of patients with or without parietal lesions (De Renzi and Lucchelli, 1988; Goldenberg and Hagmann, 1998; see Goldenberg, 2009 for detailed discussion of data).
The purpose of our study was to determine the location of lesions associated with defects of functional knowledge, mechanical problem solving and use of common tools and objects. We wanted to find out whether the different components of tool use were based on different neural structures and were particularly interested in exploring which of them were dependent on the left parietal lobe.
Methods
Patients with left brain damage and aphasia were examined with tests assessing retrieval of functional knowledge from semantic memory, mechanical reasoning and use of everyday tools and objects.
Patients
Thirty-eight patients admitted to the ward or the day care unit of the Neuropsychological Department of Bogenhausen Hospital were examined. This department admits patients in subacute or chronic phases of brain injury whose medical condition, basic mobility and attentional and communicative abilities allow for intensive neuropsychological rehabilitation. Consecutive right-handed patients, who had suffered a left sided cerebrovascular accident at least 3 weeks before and who had no MRI evidence of diffuse or bilateral lesions, were included. There were 8 females and 30 males. Their mean age was 54.1 (range 18-73). Brain damage was caused by ischaemia in 23, and by bleeding in 15 patients. Patients with bleeding were included only when blood was either completely (eight patients) or partially absorbed, and when MRI or CT demonstrated absence of oedema. Mean time post onset was 9.5 weeks (range 3-26) for patients with ischaemic stroke, and 23.1 (range 4-100) for haemorrhagic stroke. The interval between MRI or CT and the experiment was 52 weeks with the exception of a few chronic patients, for whom previously made images were consulted.
All patients were aphasic and had a complete Aachen Aphasia test (Huber et al., 1983) within 14 days from the experimental tests. Aphasia was classified as global in 11, Broca in 4, Wernicke in 10, amnesic in 7 and other (e.g. transcortical) in 6. Hemiparesis, which forced patients to perform the experimental tests with only their left hand, was present in 17 patients, hemianopia in 9.
All patients or their relatives gave their informed consent for participation in the study which was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Functional associations
Subjects were presented with a photograph of a tool above four photographs of other objects. In the first part of the test subjects were asked to select the appropriate recipient for the tool (e.g. hair for a comb; a potato for a peeler), and in the second, to select an alternative tool that could be used for the same purpose (e.g. a brush for a comb; a paring knife for a peeler). The same 16 tools constituted the targets in both parts of the test, but the multiple choice arrays were different. The foils were visually similar, semantically related or unrelated to the correct choice. For example, for the target pencil, the choice was between notebook, newspaper, file folder and punch for the recipient, and between pen, Sellotape, paint-brush and crochethook for the alternative tool. Administration of the test was preceded by one practise item for which feedback on the correctness was given. One point was credited for each correct choice on the subsequent items, totalling a maximum score of 16 each for both subtests, and of 32 for both. In 16 normal controls (4 female, mean age 53.2, range 21-72) the lowest score was 30 (Hartmann et al., 2005) .
Novel tools
This test consisted of six cylinders and six tools. Each cylinder had a part to which one of the tools fitted. For example, there was one cylinder with a ring at its top and a tool with a hooked end which could be inserted into the ring, and another cylinder with a perforation and a tool with a straight end which could be inserted into the perforation (see Goldenberg and Hagmann, 1998 for illustrated examples). One cylinder was placed in a socket at a time, and three tools were laid out on the left side. Patients were asked to select the suitable tool and to lift the cylinder out of the socket. During the instruction, this was demonstrated with the last cylinder of the test but with an alternative tool, different from the one used in the test.
Scoring considered selection and use of the correct tool. Two points were given when the correct tool was selected at first choice. If a patient first tried a wrong tool but selected the correct one on second choice, one point was given. Only the use of the correct tool was evaluated. In case a patient had not selected the correct tool it was handed to her or him. Two points were given if insertion of the tool and lifting of the cylinder were performed without error or hesitation. If a patient found the correct use after trial and error, one point was given. The maximum score was 12 each for selection and use, and 24 for both together. In 22 normal controls (8 female, mean age 53.3, range 33-73) the lowest score was 23 (Goldenberg and Hagmann, 1998) .
Common tools
This test probed the use of five common tools: hammer, scissors, screwdriver, key and spanner. It consisted of a rack on which a nail, a thread, a screw, a padlock and a bolt were fixed in such a way that they could be manipulated by the appropriate tool. For example, the bolt and the screw could be turned, the padlock opened, the thread cut-off. Tools were hidden behind the rack. The experimenter brought one tool forward after the other, handed it to the patient and asked them to demonstrate its use on the appropriate recipient. If a patient did not select the correct recipient, it was demonstrated before probing use of the tool. After the trial the tool was hidden.
Scoring followed the same principles as for Novel Tools. Two points were credited for selection of the correct recipient at first choice, and one for a correct second choice, two points for correct application without error or hesitation, and one for success after trial and error.
The maximum score was 10 each for selection and use, and 20 for the total score. In a group of 15 controls (8 female, mean age 55.5, range 30À77) the lowest score was 19.
Lesion analysis
MRI was available in 34 patients and CT in the remaining 4. All scans had been obtained at least 3 weeks after the vascular accident. Lesions were mapped using MRIcro software (Rorden and Brett, 2000; Rorden and Karnath, 2004 ; www.sph.sc.edu/comd/rorden/mricro.html) on slices of a T 1 -weighted template MRI scan from the Montreal Neurological Institute (www.bic.mni.mcgill.ca/cgi/icbm_view). This template is oriented to approximately match Talairach space (Talairach and Tournoux, 1988) and is distributed with MRIcro. Lesions were mapped on a fixed set of templates with an inter-slice distance of 8 mm by using the closest matching transversal slices of each individual. Regions of interest were converted into volumes of 8 mm thickness and were further analysed using MRIcron (Rorden et al., 2007; www.sph.sc .edu/comd/rorden/mricron/index.html). Voxel-wise statistics were performed separately for each of the three experimental tests. The Bruner and Munzel test, a nonparametric analogue to the t-test, was used to assess whether test scores differed significantly between patients with and without damage for each voxel (Rorden et al., 2007) . To increase the statistical power, only voxels affected in at least four patients were considered for analysis. , and the difference approached statistical significance for Common Tools [t (16.0) = 1.9, P = 0.08]. The greater influence of hemiplegia on Functional Associations where the only motor demand is pointing to pictures, than on Common Tools which require differentiated and fine graded motor actions (e.g. applying the screwdriver to the screw, inserting the key into the key-hole) suggest that the need to perform motor actions with the non-dominant left hand was not causal for the adverse influence of hemiplegia. Presumably the poorer performance of hemiplegic patients relates to size or location of responsible lesions rather than to insufficient motor execution by the non-dominant left hand. Table 1 shows correlations of test results to subtests of the Aachen Aphasia test. Correlations with linguistic abilities were generally strongest for Functional Associations and weakest for Novel Tools, but there was an exception for Written Language which correlated more strongly with Novel Tools than with the other tests. As none of the experimental tests involved any written language this differential relationship is to be ascribed to common locations of responsible lesions rather than to a direct impact of written language competence on experimental tests.
Behavioural results

Voxel-wise lesion analysis
Results of the voxel-wise analyses are shown in Fig. 1 . The templates display all voxels with a Z-value above 2.3 corresponding to an uncorrected probability below 0.01. Correction for multiple comparisons to a global false detection rate (FDR) below 0.05 was guaranteed by a voxel-wise Z above 3.0 for Novel Tools, and above 3.3 for Functional Associations and Common Tools (Genovese et al., 2002; Rorden et al., 2007) . We will interpret only continuous regions which include voxels with FDR below 0.05, but we want to avoid the misleading impression that isolated spots of cortical damage are responsible for distinct cognitive functions. Functional specialization of neural tissue is more likely to be organized along larger anatomical structures which are brought forward by the lower statistical threshold. Figure 1 demonstrates two anatomical regions whose lesions influenced success on the experimental tests. The first one extends from the central region rostrally and ventrally, through the middle frontal cortex, reaching the dorsal margin of the inferior frontal gyrus. This area had similar extension and probability values for all three tests. Maximum Z-values within that area were about 3.9 which correspond to an uncorrected probability lower than 0.0001. The second area extends from supramarginal gyrus dorsally and caudally through the inferior to the superior parietal lobe. It has approximately the same extension and the same maximum Z-values, of about 3.4, for Novel and Common Tools. For Functional Associations a small spot is visible in the superior parietal lobe but its maximum Z is 2.3 which would not survive correction for a FDR of 0.05.
Influence of lesion density on voxel-wise analyses
The top row of Fig. 1 demonstrates the distribution of all 38 lesions. Corresponding to the restriction of voxel-wise statistical analysis, only voxels affected in at least four patients are shown. Despite this truncation, the lesion map includes all of the areas that have been hypothesized to be involved in tool and object use (see Introduction section). Lesion density was highest in a strip extending at the lower border of the Sylvian fissure, through the superior temporal, to the supramarginal gyrus. It reached a maximum of 24 lesions at the border between superior temporal and supramarginal gyrus.
Comparison of the lesion density map with the results of voxelwise analysis of test results does not reveal any interaction between the distribution of lesion density and the results of voxel-wise analysis. Lesion density within the parietal area where lesions impaired Novel and Common Tools ranged from 5 to 13 patients, and within the frontal area where lesions impaired all test results, from 4 to 10. Lesions within the superior temporal strip of highest lesion density had no significant impact on test results.
Additional analyses Lesions causing selective deficits of experimental tests
There was only one patient who scored slightly below cut-off on Common Tools but normally on Functional Associations and Novel Tools. To explore dissociations between the anatomical substrates of Novel Tools and Functional Associations we looked for patients with selective deficits in only one of these tests. There were, however, only five patients with normal scores on Functional Associations and all of them also had normal results on Novel Tools. We decided to use the median score (27.5) for dividing patients in an impaired and a relatively unimpaired group. Incidentally, for Novel Tools and Common Tools, the median was exactly equal to the cut-off so that division at the median led to the same classification as at the cut-off. There were five patients who each scored above the median on Functional Associations and below on Novel Tools or conversely.
Three of the five patients with selective deficits of Novel Tools and two with a selective deficit of Functional Associations scored slightly below normal range on Common Tools. The absence of severe disturbances of Common Tools in patients with normal scores on at least one of the other two tests endorses the suggestion that both retrieval of functional knowledge from semantic memory and mechanical problem solving support the selection and use of common tools (Goldenberg and Hagmann, 1998) . If one of these components fails the other one can at least partially compensate the loss. Figure 2 shows lesion overlaps of the patients with dissociations between Functional Associations and Novel Tools. All of the five patients with a selective deficit of Functional Associations had lesions affecting the middle temporal gyrus. In contrast, the lesions of four of the five patients with selective deficits on Novel Tools converged in the inferior parietal lobe, and another combination of four patients, including the one who had no affection of the inferior parietal region, overlapped in the supramarginal gyrus. It is noteworthy that the frontal areas which came forward as a strong predictor of success on all experimental tests were mostly spared in these patients with selective deficits of either Functional Associations or Novel Tools.
Anatomical substrates of subscores
Each of the three experimental tests consisted of two parts which were evaluated separately, but analyses were based on the sum scores of both parts. Combination of two scores was intended to increase the accuracy and reliability of test results. For Novel and Common Tools there was, however, a theoretical interest in possible differences between the neural substrates of their subscores. Whereas the use portions of both tests demand differential manual movements (e.g. rotation of screwdriver versus pounding of hammer), the manual action of the selection part consist of grasping and transporting the tool to its recipient, and the dexterity of the grasp is not considered for evaluation. Difficulties with the selection of manual movements should have more impact on use than on selection of Novel or Common Tools.
Surface rendering of the voxel-wise analyses for all subtests are shown in Fig. 3 . Voxels with significant influence on both subtests of Functional Associations were concentrated in precentral and frontal regions and spared the parietal lobe. Voxels with significant influence on both subtests of Novel Tools were located in frontal and parietal regions, but the parietal extension was larger and reached higher significance values for selection than for use. For Common Tools, distribution of significant voxels was very similar for selection and use. Postcentral voxels with significant influence on subtests of Common Tools were restricted to supramarginal gyrus and did not encroach upon inferior and superior parietal lobe. This restriction applied equally to selection and use. It demonstrates that their combination had increased the power of the voxel-wise analysis for detecting the influence of parietal lesions, but it does not indicate a difference between the anatomical substrates of selection and use.
Taken together, the only conspicuous difference between subtests concerned Novel Tools, where the influence of parietal lesion appeared stronger and more widespread for selection than for use. The direction of this difference is the converse of what would be expected if parietal areas were recruited for selection of manual movements. 
Quantitative analysis of anatomical regions
We used the automatic anatomic labelling procedure (TzourioMazoyer et al., 2002) included in Mricron for assessing the number of damaged voxels per anatomical region, and computed their correlations to test scores. To reduce the number of correlations we restricted analyses to anatomical regions that contained voxels with significant influence on test results in the previous analyses. We included the middle temporal gyrus although it had not yielded significant results in the whole group analysis because it was the location of maximal lesion overlap in patients with dissociation between defective Functional Association and preserved Novel Tools. Furthermore, the superior temporal gyrus was included to explore interactions between local and total lesion size and lesion density.
We used non-parametric Spearman correlations because the distribution of voxel counts deviated from normality for all analysed regions. Results are shown in Table 2 . They confirm that Novel Tools and Common Tools, but not Functional Associations, depend on integrity of parietal regions, and that in the inferior and superior parietal regions this dependency is strongest for the selection score of Novel Tools. They also confirm the absence of an influence of middle temporal lesions on test results.
The observation that success on Novel and Common Tools depends on both frontal and parietal lesions does not tell whether lesions in either of these locations are sufficient for disturbing tool use or if combined lesions are necessary. We used the numerical voxel counts for selecting three groups of patients: There were 15 patients with lesions in one or more of the three parietal regions (supramarginal, inferior and superior parietal) but no affected voxels in the two frontal regions (precentral, middle frontal), 4 patients with the reverse constellation and 15 with lesions in both territories. Six patients with exclusively parietal lesions, 1 with only frontal lesions and 10 with combined lesions scored below the normal range on Novel Tools and, with the exception of one patient with combined lesions, also on Common Tools. One further patient, with parietal lesions, scored 1 point below cut-off for Common Tools but solved Novel Tools perfectly. Inspection of the MR images of the one patient with exclusively frontal lesions and disturbed tool use revealed a subcortical extension of the lesion which caudally reached into white matter beneath the supramarginal gyrus.
The results thus far are unequivocal in indicating that parietal lesions are sufficient for disturbing tool use, while the sufficiency of isolated frontal lesions remains questionable. However, additional frontal lesions clearly augmented the effects of parietal lesions. Not only was the proportion of patients with defective tool use higher in patients with combined frontal and parietal lesions than in those with isolated parietal lesions, but the severity of impairment was also greater in patients with combined lesions. Taking into account only patients who scored below normal cutoff, the mean scores of patients with only parietal lesions were 19.0 (range 13-22) on Novel Tools and 17.5 (16-18) on Common Tools, whereas those of patients with combined lesions were 15.7 (4-22) for Novel Tools and 13.4 (3-18) for Common Tools.
Frontal lesions exerted an adverse effect on all three experimental tests. In order to find out whether this effect is specific to tests assessing aspects of tool use we also computed correlations between the number of voxels affected in precentral and middle frontal gyrus and the subtest of the AAT. They turned out to be even stronger than those with the experimental tests. For precentral gyrus Spearman ranged from 0.33 to 0.40 (all P50.05), and for middle frontal gyrus from 0.42 to 0.62 (all P50.01). The only other significant correlation between voxel counts and language tests was between written language and the numbers of affected voxels in supramarginal ( = À0.35) and inferior parietal gyrus ( = À0.29; both P50.05). We conclude that frontal lesions augment the impact of parietal lesions on Novel and Common Tools, but that the mechanism of this adverse influence is not specific for tool use. It also comes forward in language tests which neither demand knowledge about, nor execution of, tool use.
Interactions between total lesion size, local lesion size and test results
The right column of Table 2 shows correlations between numbers of damaged voxels per anatomical region, that is regional lesion and local or total lesion size are negative with the exception of several correlations to middle and superior temporal lesion size. As none of them differs significantly from zero, the sign does not matter. Note that the automatic anatomic labelling procedure (Tzourio-Mazoyer et al., 2002) implemented in Mricro limits supramarginal and angular gyrus to cortex along the Sylvian or superior temporal sulcus, and distinguishes them from the inferior parietal region located between their dorsal borders and the intraparietal sulcus.
size, and total lesion size. The bottom row shows correlations between test results and total lesion size. Total lesion size had robust positive relationships with regional lesion size. Negative correlations to test results were weaker and less consistent. The pattern of correlations makes it highly unlikely that effects ascribed to local lesions were due to covariance of total lesion size. For example, the correlation with total lesion size was distinctly higher for the supramarginal than for the mid-frontal gyrus, but whereas supramarginal lesions had a selective impact on Novel and Common Tools, mid-frontal lesions caused a pervasive deterioration of test results. Superior temporal lesion size correlated strongly with total lesion size but had no influence at all on test results. Obviously, the specific relationships between local lesion size and test results were independent of total lesion size.
Anatomical substrate of the apparent influence of hemiplegia on test results
To explore the anatomical substrate of hemiplegic patients' lower scores on experimental tests, we analysed the lesions causing hemiplegia. The Liebermeister Test implemented in Mricron (Rorden et al., 2007) was used for voxel-wise comparison between patients with and without hemiplegia. Figure 4 shows the results. Not surprisingly, the greatest difference was found in the white matter underlying the motor cortex, but lesions causing hemiplegia extended cortically in a precentral strip which encroached upon the premotor and middle frontal regions associated with general deterioration of test results. Quantitative analysis confirmed the overlap: patients with hemiplegia had significantly more affected voxels than those without in precentral (Z = 4.0, P = 0.0001) and middle frontal (Z = 3.1, P = 0.002) regions, whereas there were no significant differences of either total lesion size (MannÀWhitney test: Z = 0.7, P = 0.48) or numbers of affected voxels in the other analysed lesions (all Z50.15, P40.8). We conclude that the apparent association of hemiplegia with poorer test results is due to anatomical contiguity of responsible lesions rather than to insufficient motor execution by the non-dominant left hand.
Discussion
Our results confirm that use of tools and objects can be subdivided in several components which depend on integrity of different regions within the left hemisphere. We distinguished functional knowledge specifying the prototypical use of common tools and objects, assessed by Functional Associations, from mechanical problem solving, assessed by the Novel Tool test, and we also examined the selection and use of Common Tools. We found three locations where brain damage interfered with one or more of these tests. Lesions of the middle temporal gyrus selectively disturbed retrieval of functional knowledge, but this influence came forward only in a sub-analysis of patients in whom defective functional knowledge contrasted with preserved mechanical problem solving. Parietal lesions impaired mechanical problem solving as well as selection and use of common tools, but not retrieval of functional knowledge. Finally, lesions of precentral and middle frontal regions impaired both putative components as well as common tool use, but their adverse influence was even stronger upon the severity of the aphasic patients' linguistic capabilities. Before focussing on the role of left parietal lesions we will briefly discuss temporal and frontal lesions.
Temporal lesions
Given the wealth of evidence linking retrieval of knowledge from semantic memory to the left temporal lobe (e.g. Hart and Gordon, 1990; Gainotti et al., 1995; Damasio et al., 1996; Cabeza and Nyberg, 1997; Frey, 2007) the absence of any effect of middle temporal lesions in our analysis of the whole patient group was surprising. An association between impairment on Functional Associates and middle temporal lesions was only apparent in patients whose impairment on Functional Associates contrasted with success on Novel Tools. These patients had rather restricted lesions which notably spared the frontal lobes in all but one of them. Possibly, the stronger influence of frontal lesions on Functional Associates veiled the influence of temporal lesions in the analysis of the whole group.
The absence of a significant effect of temporal lesions on the selection and use of common tools stands in apparent conflict with several studies demonstrating impaired use of common tools in patients with selective damage to the temporal lobes. However, these patients had, without exception, bilateral temporal lesions caused either by frontotemporal dementia (Hodges et al., 1999 (Hodges et al., , 2000 Bozeat et al., 2002) or Herpes Simplex Encephalitis (Sirigu et al., 1991) . In contrast, the vascular lesions of our patients were strictly unilateral. Possibly the semantic competence of the intact Figure 4 Voxel-wise analysis of lesions causing Hemiplegia. right temporal lobe is sufficient to support regular use of common tools and objects.
Frontal lesions
The frontal lesions with significant effects on test results extended from precentral through middle frontal to the margins of the inferior frontal gyrus. Presumably they mainly affected the premotor cortex. Activations in premotor cortex have been observed in many functional imaging studies exploring retrieval of knowledge regarding tools and their actions (Chao and Martin, 2000; Grè zes and Decety, 2002; Kellenbach et al., 2003; Lewis, 2006; Ebisch et al., 2007; Frey, 2007; Canessa et al., 2008) . Interpretations have emphasized the motor function of premotor cortex and concluded that the activation reflects automatic planning of manual movements associated with tool use. Our results do not support this interpretation. Frontal lesions impaired all experimental tests regardless of whether they required selection of skilled manual movements (e.g. Common Tool Use) or not (e.g. Functional Associates), and the effect was even stronger for language tests that did not concern tools at all. There is, however, evidence that the rostral portions of premotor cortex subserve more abstract aspects of action control than selection and planning of manual movements (Picard and Strick, 2001; Petrides, 2005) , and that there is a gradual transition to high-level executive function of prefrontal areas (Koechlin and Summerfield, 2007) . Moreover, the extension of the lesions into underlying white matter (Fig. 1 ) may have disrupted fibres connecting rostrally located prefrontal cortex with subcortical and posterior brain regions, and such disconnection may impair executive functions as much as direct damage of the prefrontal cortex (Young et al., 2000; Catani and ffytche, 2005) . Theories of executive function generally agree that it is required in coping with novelty, in decision making and in overcoming impulsive reaction (Shallice, 1982; Stuss and Benton, 1986; Shallice, 1988) . On first sight, this hardly applies to such easy and familiar tasks as demonstrating the use of common tools or naming pictures of everyday objects (subtest naming of AAT), but when brain damage impairs the basic abilities needed for these routine tasks, coping with the deficit challenges executive functions. Intact executive functions may help patients to partially compensate their difficulties, whereas a deficiency of executive functions diminishes their ability to notice difficulties and errors of test performance and to apply strategies for compensating them. Paucity of compensatory attempts fits well with the mutual influence of frontal and parietal lesions on Common Tools. Frontal lesions alone were not sufficient to cause major impairment, but additional frontal lesions augmented the adverse effect of parietal lesions. This additional impact of frontal lesions could be a reason why previous group studies did not unequivocally demonstrate the crucial role of parietal lesions in disturbance of tool use (De Renzi and Lucchelli, 1988; Goldenberg and Hagmann, 1998; Halsband et al., 2000) .
Parietal lesions
As outlined in the introduction, proposals concerning the contribution of parietal regions to tool use vary along two dimensions.
They emphasize either knowledge specifying the prototypical use of unique types of common tools or comprehension of general principles of physics and mechanics underlying the functions and manipulations of all tools, and they conceive of such knowledge either as concentrated on grip formation and manual movements or on mechanical relationships between manual actions, tools and the recipients of tool action. Our results are quite straightforward for both dimensions. We found that parietal lesions interfered even more with Novel than with Common Tools and, among the subscores of Novel Tools, even stronger with their selection than their actual use. These results support the conclusions that the parietal lobe contribution to tool use concerns general principles of tool use rather than knowledge of the prototypical use of common tools and objects, and the comprehension of mechanical interactions of the tool with other tools, recipients or materials rather than the selection of grip formation and manual movements.
A recent review of apraxia and the parietal lobes proposed that the contribution of left parietal lesions to apraxia concerns the categorical apprehension of spatial relations between multiple objects or between multiple parts of objects (Goldenberg, 2009) . For the use of tools and objects, such spatial relations exist between the hand and the tool, between the tool and its recipient, and between the direct recipient of tool action and the material it acts upon. Categorical apprehension concentrates on features of these relations which determine their mechanical interactions. For example, for inserting a screwdriver into a screw the orientation of the screwdriver's blade must fit the orientation of the screw's slot and the axis of the screwdriver must be in prolongation of the axis of the screw. Insertion of the blade into the slot and congruence between the orientations of screwdriver and screw are categorical features which have to be maintained for closing the mechanical chain leading from rotation of the screwdriver to insertion of the screw. If the screwdriver is to be replaced by an alternative instrument like a coin, rigidity and flatness of the tool are categorical features for selection of the alternative. Flatness permits insertion of the coin into the slot of the screw, and rigidity secures transmission of rotation from the hand via the coin to the screw.
This hypothesis maintains that the left parietal lobe provides information regarding external objects which is necessary for motor planning, but does not contain motor representation specifying particular grips or movements. However, selection of grips and movements also depends on analysis of mechanical relationships between multiple objects or multiple parts of objects (Rosenbaum et al., 1990; Hermsdö rfer et al., 1999; Osiurak et al., 2009a) . On this account, grip formation and manual movements are one link in the chain leading from body actions to the external effect of the tool. Categorical apprehension of mechanical relationships between objects or between their parts is needed for optimal configuration of the whole chain from proximal body to the recipient of tool use. It concerns the application of the hand to the tool as well as the application of the tool to its recipient (Sunderland et al., 1999; Sunderland and Shinner, 2007) .
